Calculations of the electric-field enhancements in the vicinity of an illuminated silver tip, modeled using a Drude dielectric response, have been performed using the finite difference time domain method. Tip-induced field enhancements, of application in "apertureless" Raman scanning near-field optical microscopy ͑SNOM͒, result from the resonant excitation of plasmons on the metal tip. The sharpness of the plasmon resonance spectrum and the highly localized nature of these modes impose conditions to better exploit tip plasmons in tip-enhanced apertureless SNOM. The effect of tip-to-substrate separation and polarization on the resolution and enhancement are analyzed, with emphasis on the different field components parallel and perpendicular to the substrate.
I. INTRODUCTION
The plethora of applications poignant to Raman spectroscopy and nanolithography have inspired intense investigation into near-field enhancement mechanisms. [1] [2] [3] [4] The use of metal tips in "apertureless" scanning near-field optical microscopy ͑SNOM͒ offers a convenient and controllable way of increasing the total-to-incident-field ratio through the high curvature at the point of the probe and the excitation of localized surface plasmons. [5] [6] [7] [8] [9] High spatial resolutions are associated with the field enhancements from apertureless probes, particularly as they are not limited by the aperture size. 10, 11 Thus apertureless SNOM probe field enhancements lend themselves to processes which utilize local fields to modify surface chemistries 12 and to manipulate the position of nanoparticles [13] [14] [15] and fluorescent behavior in molecules. [16] [17] [18] [19] These probes can also be used to enhance the modest Raman cross section, otherwise limited to around 10 −30 cm 2 , some 14 orders of magnitude lower than fluorescence cross sections. The retrieval of a high signal in the presence of background fields has proven an enduring challenge in recent studies. 20, 21 An appreciation of the resonant nature of metal tip systems and the sensitivity of such resonances to system geometry and chemical composition appears vital. [22] [23] [24] [25] [26] [27] [28] [29] Although the overall enhancement factor is a major goal in such studies, the alignment of field enhancements with molecular orientation is also pertinent and may affect the conditions for optimum performance.
Although approximations of tip geometry are able to provide useful qualitative information 6, 30 to obtain an indepth understanding of electric-field enhancements in the vicinity of an illuminated metal tip employed in apertureless SNOM, it is essential to perform full three-dimensional calculations of the electromagnetic-field distributions in the vicinity of a realistically modeled tip. In particular, it is necessary to account for both the axial and extended geometry of the tip and the frequency-dependent response of the tip metal. The finite difference time domain ͑FDTD͒ method has been applied successfully in the past to problems concerning more realistic tip shapes. 9 , 31 Here we use FDTD to investigate the effect on resonance wavelength and the enhancement factor in a metal tip and glass substrate system 7 ͑shown in Fig. 1͒ as tip geometry and tip-to-substrate separation are altered. We also consider the influence of incident light polarization on the resonant response of the relative magnitudes of enhancements parallel and perpendicular to the substrate plane.
II. THE FDTD MODEL
FDTD is a numerical algorithm which solves a discrete formulation of Maxwell's equations to calculate field values throughout a defined problem space after each of a series of time steps. 32 Charge distributions may be calculated from the divergence of the electric field. For the purpose of defining the material parameters to describe a particular system, the problem space is discretized into theoretical blocks called Yee cells.
The system under investigation here comprises a metal cone with a spherical tip positioned in air above a glass substrate of refractive index 1.5 ͑see Fig. 1͒ . 7 Silver and gold are attractive metals to consider in the study of field enhancements since they conveniently exhibit resonance peaks in the visible range. Here an approximation to a silver tip over a glass substrate is modeled using a Drude response for the frequency-dependent dielectric properties of the metal, ͑͒,
where p is the plasmon frequency and ␥ is the damping parameter. for silver can be achieved over the visible range of the spectrum.
9 Figure 2͑a͒ demonstrates how the Drude model for the dielectric response of silver compares with experimental values. 33 By using a plasmon frequency, p , of 7 eV, and a damping parameter, ␥, of 0.4 eV, the fit of the Drudemodeled response and the experimental values from 2.25 to 4 eV ͑i.e., photon wavelength of = 310-550 nm͒ is good enough to consider the Drude metal as a model for silver within this range.
Second-order Mur boundary conditions were implemented to inhibit reflections at the extremities of the problem space. 32, 34 Mur boundary conditions cannot be applied at the interface of boundary with frequency-dependent materials, such as the metal tip. Thus a buffer layer matched to the dielectric response of the tip material corresponding to typical frequency at which resonances were supported in the system of =3 eV ͑photon wavelength = 414 m͒ is introduced between the tip metal and the boundary. Although small changes in the tip length do not affect the resonance of the system, deficiencies in the model's resemblance to an extended tip were revealed when the tip length was varied further in a problem space double the size. This is considered in detail in the final section in order to define the limitations of the current study. Nevertheless, as an approximation, the system investigated is a valid reference point towards the behavior of an apertureless SNOM probe as it interacts with light. Because of the nature of resonant systems, the algorithm was prone to exaggerate numerical errors. In order to hold the propagation of these errors in check, symmetrizing procedures were called within the algorithm.
The FDTD simulations involve the excitation of the tip system with an incident plane-wave pulse. In all of the calculations presented here, the incident pulse was analytically described by a Gaussian derivative. This is important when studying resonant behavior as the system is thus exposed to a continuum of frequencies peaking around the resonant frequency of the system and analysis of the resulting enhancement spectrum allows the resonance to be clearly identified. A frequency-dependent expression for the Drude response of the tip is necessary to avoid instability at resonance and to accommodate an incident pulse covering a range of frequencies. The Drude response is computationally cumbersome once translated into the time domain, however, fortunately the Debye response function behaves more accommodatingly. Consequently, the Drude response is reformulated as a Debye response with specific relations between the parameters. 32 The pulse was considered incident from beneath a glass substrate at 40°to the normal so that on refraction at the glass-air interface, it propagated near parallel to the substrate surface. This corresponds to illumination from the perimeter of an objective lens of numerical aperture ϳ0.95. The z axis was defined to run parallel with the tip axis and the x and y coordinates lie in the plane of the substrate surface such that the refracted p-polarized pulse would propagate approximately parallel to the x axis with the polarization close to parallel with the tip axis, Fig. 1͑a͒ , while s-polarized illumination would be polarized parallel with the y axis ͓Fig. 1͑b͔͒. The standard setup, for the purposes of comparison, used a tip comprised of a sphere of radius R = 20 nm opening at ␣ = 30°into a cone, positioned d = 5 nm above a glass substrate, with p-polarized illumination. The radius of the spherical tip on the cone, R, the cone opening angle, ␣, tipend-to-substrate separation, d, and the polarization were then adjusted to monitor the effect on the optical response of the system. Investigations into the effect of altering the cone angle were more inhibited by the limitations of the problem space and Yee cell size. Substantial increases in ␣ cause the tip to cross the problem space boundary at the sides as well as the top, provoking inconsistencies in comparison with systems where the boundary intercepts the tip at the top only. Decreases in ␣ exacerbate problems due to the step edge effect of the Yee cells. The effects of altering the tip-sample separation and radius of the spherical end of the tip are reported in Secs. III and IV, while the result of s-polarized excitation is considered in Sec. V. The problem space was a cube of 120ϫ 120ϫ 120, 1 -nm 3 Yee cells and time steps five times within the Courant stability limit were used. 32 Implementing fast Fourier transforms on the output yields spectra with a frequency resolution inversely proportional to the total run time of the simulation. Using Yee cells of size greater than R / 10 causes step edge effects to mask the results. However, since the size of each time step is constrained by the size of the cells used a compromise must be struck between the desired spatial resolution of the problem space and a reasonable frequency resolution for the resulting spectra, in order to keep the computations manageable. The field values for 2 16 time steps of 0.4ϫ 10 −18 s were calculated, rendering a frequency resolution of 0.16 eV.
In particular, we are interested in the field enhancement directly beneath the tip on the substrate surface for applications in tip-enhanced near-field microscopy and lithography. The ratio, tot of the total electric field, E, to the incident electric field, E 0 , at the glass-air interface is used as a measure of the enhancement to the local field on the substrate surface
The enhancement i to each polarization component was calculated as the ratio of the magnitude of each field component E i ͑i = x , y , z͒ in the presence of the tip to the total field ͑over all components͒ in the absence of the tip
Unless stated otherwise, the enhancements x , y , z , and tot have been determined at the substrate surface directly beneath the tip. The resolution is quantified as the full width at half maximum ͑FWHM͒ of the Raman enhancement, Q, which is calculated as the fourth power of the field enhancement, as a result of the tip acting as a nanoantenna for both incident and scattered photons. Unless stated otherwise, we assume the Raman scattering to be isotropic, such that,
͑4͒
For discussion relevant to molecules for which Raman scattering is only enhanced when the enhancement to the local field is aligned with the axis of Raman-active mode of the molecule, Q i = i 4 .
III. TIP-TO-SURFACE DISTANCE DEPENDENCE
The spectra of the field enhancement, tot , and z component, z , on the substrate surface under p-polarized illumination, when the tip is positioned 2 nm above the surface, are shown in Fig. 2͑b͒ . The total enhancement spectrum comprises one peak at = 505 nm, unequivocally dominated by the contribution of the z component. The distribution of the x and z components to field enhancement on the substrate surface ͑xy͒ plane is shown at resonance, = 505 nm, in Fig. 3 . The z component of the field is highly concentrated directly beneath the tip on the substrate surface, Fig. 3͑b͒ , with a lower yet still appreciable enhancement to the x component of the electric field forming lobes at either side while negligible directly beneath the tip ͓Fig. 3͑a͔͒. Indeed, the in-plane distribution for x simply reflects the radial nature of the in-plane electric field, as expected from a simple dipole model. Calculations of the charge distribution confirm that the charge is concentrated in a localized surface plasmon at the tip apex. This corresponds to the expected plasmon resonance excited in a system with a high aspect ratio under incident illumination polarized in alignment with the axis of the tip. 23 As the tip is withdrawn, the field enhancement on the surface dwindles rapidly ͑see Fig. 4͒ with a decay length of approximately 13 nm, indicating a highly localized plasmon mode. The reader is directed to Ref. 35 for a more extensive investigation into the effect of tip-surface separation on Raman-scattering enhancement.
As well as the decrease in the enhancement, the separation between substrate and the tip also has a potent effect on the resolution. Analyses of field enhancements off resonance at = 631 nm, while diminishing the enhancement peaks, do not affect the decay length or the resolution ͑see Ref. 35͒,   FIG. 3 . The x ͑a͒ and z ͑b͒ components of the field enhancement distributions on the substrate plane on resonance at 2.46 eV ͑photon wavelength =505 nm͒.
confirming that the system is detuned from resonance but oscillating in the same mode. In addition to the enhancement's diminished impact and dilated profile on the substrate surface in response to increases in the tip-surface separation, there is also a slight blueshift in the position of the resonance peak, ⌬ = 60 nm from d = 2 nm and d = 30 nm, indicated in the spectrum in Fig. 4 . This shift, which is equivalent to only twice the frequency resolution for these calculations, has been confirmed with higher-resolution calculations for which the total time and hence frequency resolution were doubled using a Yee cell size of 2 nm. The resonance in the spectrum taken at the tip apex rather than on the substrate surface does not shift with increases in d and the wavelength at which the incident pulse peaked was not found to affect the position of the resonance peak in the field enhancement. Resonance shifts have been noted as a consequence of the sensitivity of plasmon resonances to the dielectric environment, attributed to the excitation of higher-order surface-plasmon resonances. 29, 30 Moreover, in line with the blueshift which we observe, Ref. 29 predicts a blueshift with increasing d for small silver ellipsoids. This blueshift is also identified in Ref. 30 for small spherical nanoparticles and, in line with the results of our own calculation of a metal tip, these authors calculated a blueshift for larger nanoparticles, which is probably more representative of a real infinitely long tip. Figure 5 shows the effect on the total field enhancement on the surface directly beneath the tip and the resolution, quantified as the FWHM of the Raman enhancement, as the radius R is altered between 10 and 40 nm. Both the field enhancement and the Raman resolution have deteriorated, as may be expected, as the radius of curvature is increased. In addition, the decay length of the field enhancement increases from 13 to 18 nm as the tip radius is increased from R = 20 to 40 nm. However, we note that at resonance a spatial Raman resolution far sharper than the tip radius can be achieved. The resonance spectra ͑Fig. 6͒ for the x and z components of the electric-field enhancement on the substrate surface beneath the 40-nm radius tip seem to indicate that the enhancement dominated by the z component at = 474 nm is succumbing to a competing higher-energy mode which forms a shoulder in both the x and z components at = 303 nm. The field distributions in the substrate plane for excitation resonant with these two modes are shown in Fig.  7 . The asymmetry about the ͑yz͒ plane is mirrored in the charge distribution and may be a numerical artifact. However, the differences in the distribution of the components to the field enhancement are sufficiently substantial to indicate that the mode oscillating at = 303 nm is distinct from the mode oscillating at = 505 nm.
IV. TIP RADIUS DEPENDENCE

V. EXCITATION POLARIZATION DEPENDENCE
As may be supposed, the z component dominates the enhancement when the incident illumination is p-polarized along the tip axis. [36] [37] [38] Indeed, illumination configurations have been identified in which the z component dominates the incident field at the center of a focused spot. 39 While the most impressive field enhancements on the surface beneath the tip at d = 2 nm occur under p-polarized illumination, it is sometimes desirable to have the field components parallel to the surface preferentially enhanced. 11 With this in mind, we have also calculated the field values for a tip-substrate system in which the incident pulse is polarized perpendicular to the plane of incidence. The enhancements in the substrate plane and perpendicular to the substrate plane were subsequently compared under p-polarized and s-polarized illuminations, respectively.
Figures 8͑a͒ and 8͑b͒ show the field distributions in the substrate plane for the different components at resonance, = 292 nm. At no point in the plane does the field enhancement reach the magnitude achieved under p-polarized illumination. Although to either side the z component begins to take prevalence, the y component dominates directly beneath the tip on the substrate surface. Under s-polarized illumination the charge is concentrated at either side of the tip in contrast with the case of p-polarized illumination for which the charge is concentrated at the tip apex. Figure 9 shows the enhancement spectra for the y and z components of the electric field at a point on the substrate surface displaced by ⌬y = 11 nm from the point directly beneath the tip ͓indicated by the cross in Fig. 8͑b͔͒ . The photon wavelength, = 292 nm, corresponding to a photon energy of 4.26 eV, at which the system is at resonance under s-polarized illumination, is beyond the range for which our Drude model provides a reasonable approximation of silver; so although the model still describes a metal tip over a glass surface, that metal may no longer be considered to simulate silver. However, from the field distributions in Fig. 8 and the peaks dominating the enhancement resonance spectra in Fig.  9 , it is clear that a plasmon resonance maximizing in-plane components of the field enhancement is excited under s-polarized illumination.
In-plane enhancements of comparable magnitudes also occur under p-polarized illumination in the lobes, as seen in Fig. 3͑a͒ . However, the distribution of the in-plane enhancement offered under s-polarized illumination is more accommodating for applications such as Raman microscopy. Being centralized under the tip, in the latter case, there will be less problems associated with double images than may arise from enhancements in two distinct lobes, although there are subsidiary maxima in the in-plane enhancement to either side ͓ y in Fig. 8͑a͔͒ , which will serve to reduce resolution. The emphasis on enhancements in the substrate plane as opposed to perpendicular to the substrate is eminently relevant to studies for which coupling between field enhancements and molecules orientated parallel to the substrate surface is desired, such as in the case of tip-enhanced Raman scattering from single-walled carbon nanotubes.
11 Figure 10 shows a comparison between the stronger of the in-plane components of the Raman enhancement, i.e., the x and y components for p-and s-polarized illuminations, respectively. The spectra correspond to the point on the substrate surface directly beneath the tip, and illustrate that the Raman enhancement to an in-plane component is greater under s-polarized illumination. It should also be noted that while here we have considered the system illumined under the same configuration with different polarizations for consistency, calculations have been made for which the incident angle was altered to 0°instead and the results were similar to the field distributions and trends of using s-polarized illumination. FIG. 7 . Field enhancement distributions for ͑a͒, ͑b͒ x and ͑c͒, ͑d͒ z on the substrate surface at ͑a͒, ͑c͒ = 505 nm and ͑b͒, ͑d͒ = 303 nm, corresponding to the two plasmon modes identified in the resonance enhancement spectra in Fig. 6.   FIG. 8 . ͑a͒ y and ͑b͒ z components of the field enhancements on the substrate surface for s-polarized excitation. The cross in ͑b͒ marks the point on the substrate where the z-field enhancement reaches a maximum. 
VI. AN ASSESSMENT OF THE MODEL: THE EFFECT OF SIMULATED TIP LENGTH
In order to evaluate the proficiency of our approximation to an extended tip, the effect of altering the length of tip within the problem space was investigated. Figure 11 shows a series of spectra as the length of tip within the problem space was increased. Certain trends in the structure can be distinguished, such as the increasingly prominent shoulders around = 400 nm and = 690 nm which almost swallow the resonance associated with the localized plasmon mode ͑this appears at = 541 nm, a difference from = 505 nm, as indicated in Fig. 4 , equivalent to the frequency resolution of the fast Fourier transform when using the larger Yee cells to explore larger problem spaces͒. The alterations to the spectra as tip length is increased can be understood by considering the excitation of extended rather than localized surfaceplasmon modes excited in the system. As the length of tip within the problem space was increased from 60 to 120 nm, the appearance of extended surface plasmons became apparent, as indicated by the crosses in the spectra in Fig. 11 .
In fact, an extended surface plasmon appears to be excited when only 58 nm of the tip is within the problem space as in the standard configuration described above, but at a shorter wavelength ͑higher energy͒ it is weaker. Increasing the size of the tip causes redshifts in these extended surfaceplasmon modes in accordance to the behavior of the Fröhlich frequency of spherical particles of finite size, 37 but the resonance associated with the localized plasmon at = 541 nm remains, albeit weakened by the competing surface-plasmon mode. As this surface-plasmon resonance is highly localized and excited whatever the tip length, we can conclude that our system can be considered to approximate an extended tip in the absence of artifact extended surface modes corrupting the enhancement spectra. For a true infinitely extended tip we may expect to recover a response from just the localized mode and with respect to these modes we consider our system to achieve an adequate approximation.
The failure of boundary conditions where the tip meets the boundary is likely to arise from deficiencies in the use of a buffer layer with a frequency-independent dielectric response between the Drude silver and the boundary. The dielectric constant of the buffer is matched to that of the tip at 3 eV ͑ = 414 nm͒, but at lower energies the dielectric response of the tip diverges increasingly from the constant value of the buffer, apparent from Fig. 2͑a͒ . This approximation to an extended tip has evident limitations. However, it is fortunate that in the original regime using a 58-nm tip, the surface modes associated with the finite size of the tip do not dominate the system and so do not warp what may be considered the optical response of an extended tip system.
VII. CONCLUSIONS
Numerical calculations have demonstrated a steep dependence on tip-to-surface separation of the electric-field enhancement beneath a silver tip. The effect of detuning from the resonance wavelength, with respect to enhancement and resolution achievable in tip-enhanced Raman SNOM, emphasizes the prominence of the role localized plasmons play in near-field enhancements. Shifts in the resonant wavelength as the separation between the tip and the surface is altered have demonstrated the substrate's effects on the propagation of the scattered fields. Increasing the radius of curvature of the end of the probe was found to diminish the overall enhancement and resolution and to allow the excitation of higher-order plasmon modes. The enhancements on the surface from s polarization are lower than those using p-polarized illumination, but the enhancement component along the surface directly beneath the tip is maximized in s polarization. This is greater than the stronger of the in-plane enhancements proffered by the system under p polarization, although it should be emphasized that this is only the case directly beneath the tip. The limitations of the approximation to an extended tip system have also been defined and are not believed to affect the conclusions drawn from the current study.
